ABSTRACT
INTRODUCTION
(Hg,Cd)Te has emerged as the semiconductor material of choice for high performance infrared detectors in the 3-5 and 8-12 micron wavelength atmospheric transmission windows. The successful operation of 16x32 TDI (time delay and integration) monolithic (Hg,Cd)Te IRCCD (Infrared Charge Coupled Device) focal planes which detect radiation in the 3-5 micron wavelength region has recently been reported [1] . This represents the most sophisticated MIS (Metal-Insulator-Semiconductor) device fabricated in this material to date. Typical charge transfer efficiencies (n) and full well charge capacities (Qfw) for these devices are .996 and 5x1011/cm2, respectively, though n and Qfw as large as .9995 and lxlO 2/cm2 have been reported. Low background integration times as long as .1 sec have been observed.
It is anticipated that these focal planes will be used in FLIR (Forward Looking Infrared) imagers operating in the scanned mode.
The CCD will perform both the IR detection and the TDI which is used to enhance the detector signal to noise ration.
The effects of ionizing radiation on (Hg,Cd)Te photoconductive and photovoltaic IR detectors has been reported [2, 3] . For both kinds of device, performance degradation is dominated by surface and insulating passivation layer effects such as interface state generation and fixed charge buildup. Both of these phenomena would be expected to be important in affecting MIS CCD performance.
The effect of ionizing radiation on (Hg, Cd)Te MIS capacitors has been reported [4] , but no data has been published on more sophisticated devices such as FETs or CCDs. This work reports for the first time to a number of review papers on the subject [5] [6] [7] . The state of the art in CCD imagers has been reviewed by Barbe [8] , and the effect of ionizing radiation on Si CCDs has been reviewed by Killiany[9] . Cross section of (Hg,Cd)Te CCD looking down channel.
basic building block for the complete 16x32 focal plane mentioned above.
The device uses a dual layer insulator consisting of an anodic oxide and vacuum deposited ZnS layers. The anodic oxide layer is employed to achieve a high quality semiconductor/insulator interface characterized by an interface state density in the 5xj100/cm2-eV range [12] . The (Hg,Cd)Te is n-type having a carrier concentration in the 5x1014 to lxlO15/cm3 In the second set of experiments, the CCD gates on several devices on the same wafer were biased at different DC levels to determine the gate voltage dependence at a given dose of the radiation induced flatband shifts.
In these experiments, the device received a dose of 2x104 rad(ZnS). Figure 2 ) into the tunneling regime, and allowing the tunneling generated charge to spill into the adjacent empty potential well [13] .
The device is operated in the double well clocking mode with most of the charge stored under the lower level (42 and c4) gates [14] .
Charge is sensed at the output of the device using a floating gate (FG in Figure 2) In the first set of experiments, the CCD gates were DC biased during irradiation to determine the dose dependence at constant bias of the radiation induced flatband shifts (AVfb) as determined from capacitancevoltage (C-V) measurements.
In all DC bias experiments, the bias was on only for the short time that the irradiation was actually performed in order to avoid any long term bias induced flatband shifts [15] .
The device received cumulative doses of .23, .6, 1.18, 1.54, and 3.32x104 rad(ZnS) with the upper level gates biased at -10 volts and the lower level gates biased at -5 volts.
Following each exposure, C-V measurements were made, and the flatband shifts were determined by comparison to pre-irradiation C-V data.
These biases were chosen both to simulate CCD operating conditions and to allow investigation of flatband voltage shift as a function of insulator thickness at the same fields. In order to investigate annealing of the radiation induced flatband shifts, after the final dose the device was warmed to room temperature with all gates shorted to the substrate for 48 hours, and then recooled to 77 K for C-V characterization. In order to simulate the operation of the device as an imager, 50% of full well charge was injected continuously during irradiation using the tunnel input gate.
Prior to irradiation, the performance of the device was fully characterized.
Charge transfer efficiency was determined by measuring the loss in the leading edge of a series of equal input pulses.
Dark current was determined by holding one phase of the CCD gates 'on' for many clock cycles while all of the other gates were off, integrating the charge generated under the 'on' gates, and then resuming normal clocking of the device to allow transfer of the integrated charge to the floating gate for output.
Integrated dark current was measured as a function of both the integration time and the 'on' voltage for the gates under which charge was integrated.
The maximum output voltage as a function of the lower level 'on' voltage was measured in order to determine effective well capacity as a function of this parameter.
The actual voltage to charge conversion requires an estimate of the floating gate node capacitance (12 pF).
The input-output transfer curve was determined by applying a .50 psec pulse of varying magnitude to the input gate and measuring the resulting output voltage.
The device received doses of .1, .2, .5, 1, and 1Ox104 rad(ZnS).
All clock voltages were maintained at pre-irradiation levels throughout the irradiation procedure.
After each dose, dark current transfer efficiency, well capacity, and I-0 transfer characteristics were measured.
After 1x104 rad(ZnS) C-V measurements were performed to determine the radiation induced flatband shifts produced during continuous operation. After the final dose, the device was warmed to room temperature for 48 hours with all gates shorted to the substrate, then recooled to 77 K for CCD performance evaluation and C-V characterization. A total
of 5 devices were irradiated using DC bias conditions and 3 devices were irradiated while operating as CCD shift registers.
The specific results reported are typical of all devices characterized.
EXPERIMENTAL RESULTS
Flatband shift as a function of dose for the upper (01, P3, OGI, OG2 in Figure 2 ) and lower (42, 4, IG, FG in Figure 2 ) level gates is shown in Figure 3 .
Flatband shift was found to be linear with dose up to the maximum dose of 3.3x104 rad(ZnS).
At that dose, a flatband shift of 4.5 volts was observed for first level gates biased at -5 volts, and a 8.5 volt shift 4211 was observed for the second level gates biased at -10 volts (Vsub=O). No change in the shape of the C-V curves was observed.
Flatband shift as a function of gate voltage for the upper and lower gate levels is shown in Figure 4 for a dose of 2x104 rad(ZnS). For approximately -5 volts, the effective well capacity (maximum output signal) decreased rapidly ( Figure 6 ).
This effect is not seen in CCDs fabricated in wider bandgap semiconductors. This effect and the gate voltage and time dependence of the integrated dark current are attributed to interband tunneling [16] . The preirradiation I-0 transfer curve is shown as the solid line in Figure 7 , with the nonlinearity due to effects at the input and the output. 
Consequently, after 104 rad(ZnS) the dark signal charge collected in a 1 msec integration period saturated the CCD potential wells. The integrated dark current and effective well capacity as functions of total dose are shown in Figures 8 and 9 Several other studies have shown there to be a high density of traps at this interface also [17] . The linear dose dependence of the flatband shift indicates that saturation of the empty traps has not occurred at the maximum dose of 3x104 rad(ZnS).
Because of the uncertainty in the insulator thicknesses, and, hence, the insulator capacitance for the CCD gates, and the large stray capacitance of the gate interconnect lines, the accuracy with which the density of traps involved can be calculated is limited to ±20%. For the structure shown in Figure 1 , assuming a dielectric constant of 18.5 for the anodic oxide and 7.5 for the ZnS, the flatband shift at the maximum dose for the first level gates corresponds to a net trapped charge density of 6.5x1011/cm2 if all the charge is assumed to be trapped at the interface. The flatband shifts for the device used in obtaining the data in Figure 4 were approximately 1/3 of those seen in the device used to obtain the data in Figure 3 for the same bias and dose.
Both devices were fabricated using the same process, but were processed at different times. This suggests that some uncontrolled processing parameter may strongly influence the properties of the ZnS and/or the anodic oxide which are associated with charge transport and trapping.
The results of the room temperature annealing experiments indicate that nearly all trapped charge is emitted from the traps upon warming.
The fact that there is no change in the shape of the low temperature C-V curves after the annealing cycle suggests negligible interface state generation upon warming. In silicon MOS devices irradiated at 77K, interface state generation occurs only upon warming [19] . 
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The changes in the operating characteristics of the (Hg,Cd)Te CCD which was operated continuously during irradiation were similar to those observed in silicon CCDs, but the mechanisms responsible for these changes are different in some cases. The decrease in effective well capacity with increasing dose can be associated with two effects. The unequal flatband shifts recorded after 104 rad(ZnS) result in a change in the potential profile in the (Hg,Cd)Te which leads to a decrease in the effective well capacity. This kind of effect has been observed in silicon CCDs [20] . For this device, calculations show that this effect reduces the useable well capacity by approximately 15% for the flatband shifts recorded after 104 rad(ZnS). As seen in Figure  6 , a positive flatband shift also results in a loss of useable well capacity due to tunneling current filling the wells.
If the device is initially operated near maximum well capacity, this effect can be very dramatic, with a flatband shift of .5 volts resulting in a 45% decrease in effective well capacity on the steepest portion of the curve. When combined, these two effects account well for the approximately 55% decrease in effective well capacity which is observed after 104 rad(ZnS). The complete failure of the device after 105 rad(ZnS) is believed to be due to the increased tunneling caused by the positive radiation induced flatband shift. The possibility that the apparent loss in well capacity is due to a decrease in the gain of the floating gate and associated output circuitry because of flatband shifts is discounted because adjustment of the clock voltages for the output section of the device alone did not affect the magnitude of the output signal.
Readjustment of all the clock voltages in the direction suggested by the flatband shifts did, however, result in device operation at pre-irradiation well capacity even after 105 rad(ZnS).
The increase in dark current with increasing dose is also attributed to enhanced tunneling due to the positive radiation induced flatband shifts as suggested by Figure 5 . Accurate qualitative agreement with flatband shift measured at 104 rad(ZnS) is not possible, but a .5 volt flatband shift from an initial operating voltage of -5.1 volts can be seen to result in approximately a three-fold increase in charge collected during a 1 msec integration period, in good agreement with that observed experimentally after irradiation. Radiation induced flatband shifts for the field plate probably have some effect on the dark current because of edge field effects, but the radiation induced changes in this effect are expected to be small since the field plate flatband shifts are very small.
It should be noted that for doses up to 104 rad(ZnS) the charge collected during a 1 msec integration could be reduced to pre-irradiation levels by increasing (making more positive) the 'on' voltage for the gate under which charge was being collected. This is taken as further evidence for tunneling being responsible for the increased dark current, rather than increased interface state or depletion layer generation.
The reason for degradation in transfer efficiency at these doses is not completely understood.
Preirradiation transfer efficiency may be limited by a combination of effects including interface state trapping, bulk trapping, or interelectrode barriers.
The temperature dependence of the transfer efficiency for these devices does not follow that expected from a simple model based on any one of the effects mentioned above alone.
Even after a dose of 105 rad(ZnS) preirradiation charge transfer efficiency could be regained by adjusting the clock voltages, suggesting that radiation induced interface or bulk trapping effects are minimal. Also, supportive of this inference is the fact that no change in the shape of the C-V curves was observed after irradiation.
C-V curve distortion should be observable for the interface state density of approximately 2x1O11/cm2-eV which would be required to explain the observed decrease in transfer efficiency. It is important to note that the .992 transfer efficiency observed after 104 rad(ZnS) would result in a severe degradation in MTF (<.6) and hence image sharpness in an IR imager.
In considering techniques for improving the radiation hardness of CCD's, one considers both device design and operational mode changes to improve performance.
The problems associated with tunneling are unique to CCD's fabricated in narrow bandgap semiconductors, and in this sense represent a new class of problems to be considered in the radiation hardening of devices.
Three approaches are required to minimize this effect:
hardened insulators which result in smaller flatband shifts for a given dose, improved quality semiconductor material which is less susceptible to impurity or defect related tunneling, and device design which minimizes high field regions where tunneling effects are strongest.
With regard to improving insulator hardness, Kalma et.al. have shown that photochemically deposited SiO2 is less susceptible to radiation induced flatband shifts than thermally grown SiO2 [21] . Koch et.al. have also fabricated (Hg,Cd)Te CCDs using this insulator [22] . It is expected that these devices would show enhanced radiation hardness.
With regard to semiconductor material improvement, there is evidence that p-type (Hg,Cd)Te is less susceptible to defect level related tunneling than n-type (Hg,Cd)Te [23] , so that an n-channel device might be harder in this respect.
It should be noted, however, that because of the observed gate voltage dependence of the flatband shift for the ZnS/anodic oxide based devices, that an n-channel device using this insulator irradiated during operation would still suffer from radiation induced flatband shifts in the direction leading to enhanced tunneling. The reduction in effective well capacity due to unequal flatband shifts for different gate levels is a problem inherent in the dual layer insulator design and can be avoided by using a planar channel insulator with some technique for controlling interelectrode potentials. The radiation hardness of the input section of the device could be enhanced by including an input structure capable of operation in the 'potential equilibration' mode. This input would allow post irradiation operation with post irradiation operation with 2-3 volt flatband shifts [241.
With regard to improving hardness by operational mode changes, for the device studied in this work, it can be seen that if one were willing to sacrifice preirradiation well capacity and operate at less negative lower level gate voltages initially, then one could shift the onset of tunneling associated device failure to higher doses. Effective well capacity decreased and integrated dark current increased with increasing dose.
SUMMARY
At 104 rad(ZnS) effective well capacity had been reduced by 50% to 4x1011/cm2, and dark current had increased by a factor of three from its pre-irradiation value. A full well resulted from a 1 msec integration of the dark current. Charge transfer efficiency had degraded to .992, a value which would result in serious degradation in image quality in an IR imager.
After 105 rad(ZnS) the device no longer operated with pre-irradiation clock levels.
At this dose the device would completely fail as an imager if the clock voltages could not be adjusted.
Readjustment of the clock voltages after this dose allowed performance equal to that observed prior to irradiation.
Loss of well capacity is due to unequal flatband shifts for different level gates, and increased tunneling associated with the radiation induced flatband shifts.
Increased dark current is also attributed to the tunneling phenomenon.
Charge transfer efficiency degradation does not seem to be associated with radiation induced interface state trapping at these doses.
The radiation sensitivity of these (Hg,Cd)Te CCDs at 77 K appears to be comparable to that observed for the thermal oxide silicon CCD's which are used in the hybrid focal plane infrared imagers.
